Whilst light is essential for photosynthesis and development of plants, both excess photosynthetically active radiation and certain wavelengths (e.g. high energy ultraviolet-B) radiation can be damaging. Plants in general possess a suite of mechanisms that act to either prevent absorption of damaging and excess radiation or to mitigate against the damage that such radiation can cause once it is absorbed. Whilst bryophytes share many of these photoprotective mechanisms with the vascular plants, there are key differences in the photoprotection available to bryophytes. Some of these differences pertain to structural features, such as protective epidermal layers, that are available to vascular plants but not generally to bryophytes. Bryophytes thus have to invest more in cellular level photoprotection than vascular plants. In other respects bryophytes may retain mechanisms found in algal ancestors (e.g. thermal energy dissipation associated with the LHCSR protein) that have been lost during the evolution of vascular plants. Many bryophytes are able to manage light absorption during desiccation and rehydration and freezing and thawing, resulting in potentially novel mechanisms of energy dissipation. Given the high stress environments that many bryophytes inhabit, from hot or frozen deserts to alpine habitats with high incident UV-B radiation, it is unsurprising that they have a suite of photoprotective strategies.
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I Introduction
Light provides the energy source for photosynthesis and is essential for all plants, however, certain wavelengths, especially ultraviolet-B (UV-B) radiation can cause direct damage to the photosynthetic apparatus especially photosystem II (PSII). The challenge facing photosynthetic organisms is therefore to optimize light absorption for photosynthesis while avoiding damage. Plants have evolved a number of strategies to tailor light absorption to the capacity for utilization by photosynthesis and to either protect themselves from photodamage or repair any that occurs (Takahashi and Badger, 2011) . Photoprotection occurs at a range of scales from processes at the molecular level such as dissipation of absorbed light energy as heat (Demmig-Adams and W. W. Adams, 1992; Niyogi, 1999; Nichol et al., 2012) to organ level mechanisms e.g. leaf movements and shading of radiation by waxes and hairs and screening pigments (Robberecht and Caldwell, 1978; Ehleringer and Cook, 1987; Robinson et al., 1993; Barker et al., 1997; Karabourniotis and Bornman, 1999 ).
The energy to drive photosynthesis comes mainly from the visible spectrum (400-700 nm).
However, solar radiation also contains ultraviolet (UV) radiation, which is absorbed by plants and can damage a range of biomolecules including DNA, RNA, proteins and PSII. Ultraviolet radiation increases naturally with altitude and decreases with latitude but has also been anthopogenically increased in polar regions, as a result of the ozone hole (McKenzie et al., 2007) . Bryophytes are the dominant plant species in many of these high UV environments (alpine and polar regions; see Antarctic Chapter this volume) and appear to be generally well protected from the damaging effects of UV-B radiation (Newsham and Robinson, 2009 ).
Recent work suggests that primary photodamage to the photosynthetic apparatus occurs through direct absorption of light by the manganese cluster in the oxygen-evolving complex of PSII, with UV wavelengths followed by yellow wavelengths being most damaging (Takahashi et al., 2010) . Primary photodamage to PSII is thus prevented by avoiding exposure to the damaging wavelengths, rather than dissipating the excess energy once it has been absorbed. Excess photosynthetically active radiation (PAR) absorbed by the light-harvesting complexes can still lead to production of reactive oxygen species (ROS) and so mechanisms that prevent ROS accumulation also play a role in photoprotection (reviewed in Takahashi and Badger, 2011). Whilst some photoprotective mechanisms offer cross protection by screening both visible and UV radiation, terrestrial plants also have a range of specific strategies to protect themselves from UV radiation.
As photosynthetic organisms, bryophytes therefore need to optimize light utilization but also , 1997) . The absolute quantity of excess light depends on the photosynthetic capacity of the plant. Plants adapted to growth in high radiation environments will have high photosynthetic capacities, and thresholds for excess light will be greater than in plants adapted to low light, with correspondingly low photosynthetic capacities.
In addition plants are usually able to cope with normal, diurnal fluctuations in light levels and can adapt to seasonal changes over time. Sudden increases present the greatest challenge to plants, for example the low-to high-light transition that occurs when a treefall gap is created in a rainforest (Lovelock et al., 1994 
II Avoiding absorption of excessive or damaging radiation
Bryophytes differ greatly from vascular plants in their morphology as they lack a protective cuticle and tissue differentiation (Gehrke, 1999) consequently leaving them more susceptible to photoinhibition and UV-induced damage (Fig. 1 ). Many external photoprotective mechanisms rely on structural features found in leaves of higher plants but not mosses, for example, external or epidermal screening through coatings or structures (e.g. wax and hairs; Ehleringer and Björkman, 1978; Robinson et al., 1993) or the ability of thick leaves to self shade lower cell layers (Robinson and Osmond, 1994) . Avoidance type photoprotective mechanisms that could be employed by mosses include leaf orientation, self shading within the canopy, chloroplast movement and specific screening compounds.
A Generic screening mechanisms in bryophytes
Surface reflectance of moss turfs varies between species (Lovelock and Robinson, 2002) and also within species depending on the exposure to incident PAR and UV radiation (Robinson et al., 2005) . Light attenuation through moss canopies varied six fold in Pleurozium schreberi collected from a range of habitats, showing that transmission characteristics are also plastic (Rice et al., 2011) . Reflectance from the moss canopy also increases as mosses desiccate reducing the quantity of light that can be absorbed and therefore lowering the potential for photodamage (Van Gaalen et al., 2007) . Curling of stems of the desiccation tolerant pteridophyte Selaginella lepidophylla has been shown to reduce photoinhibition (Lebkuecher and Eickmeier, 1991) and this mechanism could also operate in mosses where drying and curling of leaves allows light to penetrate deeper into the canopy as less is intercepted by the top layer (Davey and Ellis-Evans, 1996; Zotz and Kahler, 2007; Rice et al., 2011) .
Chloroplasts can move within the cell to optimize light interception, as has been shown in the moss Physcomitrella patens (reviewed in Wada et al., 2003; Suetsugu and Wada, 2007, see chapter in this volume).
Compounds which act to screen specific wavelengths particularly UV-B radiation can be located within the photosynthetic cell itself or in the exposed epidermal layers. Within the typical leaf of vascular plants these sunscreens are often located in the epidermal layers but since most bryophytes lack such differentiation they will mainly occur within the photosynthetic cell (Lovelock and Robinson, 2002; Newsham et al., 2002; Newsham et al., 2005; Dunn and Robinson, 2006; Newsham, 2011) . In some plants (Semerdjieva et al., 2003) and certain moss species they also accumulate in the cell walls ( 
B Production of specific UV absorbing compounds in bryophytes
Both vascular and non-vascular plants produce secondary metabolites that can specifically screen out damaging ultraviolet radiation. A range of compounds with UV-absorbing properties including flavonoids, mycosporine-like amino acids, carotenoids, simple phenolics and hydroxycinnamic esters have been extracted and isolated from various organisms including several vascular plants, mosses, liverworts, phytoplankton, algae and cyanobacteria.
Not only can these photoprotective compounds absorb UV light reducing the levels of harmful solar radiation reaching the photosynthetic apparatus and UV sensitive molecules Some bryophytes exhibit naturally green and red forms that change in response to differing UV environments. Generally, the red forms are found in exposed and drier sites and the morphologically similar green form grows in naturally shaded and wetter sites. Red forms of bryophytes appear more resistant to the damaging effects of UV radiation (Post, 1990; Post and Vesk, 1992; Hooijmaijers and Gould, 2007) . For example, the red form of the liverwort Jamesoniella colorata maintained greater Fv/Fm, photochemical quenching (qP) and nonphotochemical quenching (NPQ) than its green counterpart when exposed to UV-B radiation (Hooijmaijers and Gould, 2007) . The red pigment in this liverwort was found to be tightly associated with the cell wall but has not yet been identified. Similarly, red anthocyanic pigmentation is evident within the Antarctic liverwort C. varians (Post and Vesk, 1992; Newsham, 2010) and the cell walls of red C. purpureus (Post, 1990; Green et al., 2005) and may contribute to the greater resistance to UV-induced effects of the red rather than the green forms of these species.
C Structure of UV absorbing compounds in bryophytes
The ability of flavonoids, hydroxycinnamic acids and other photoprotective compounds to absorb within the UV-B range (280-315 nm) is based on their aromatic structures. The majority of these compounds are phenolics containing at least one aromatic ring, usually in the form of benzene, which allows high absorption in the UV range (Cockell, 1998) . This absorption range is completely dependent on the structure and does not include There is also evidence suggesting that the genes encoding these enzymes can be up-regulated by UV radiation (Cooper-Driver and Bhattacharya, 1998; Ballare et al., 2011) as has been demonstrated in the moss P. patens (Wolf et al., 2010) .
Within vascular plant cells, flavonoids are located in the cytoplasm, plastid membranes, vacuoles, nuclei and cell walls (Swain, 1976; Schnitzler et al., 1996; Agati et al., 2007) . The majority of studies of UVAC in bryophytes have focused on the methanol-extractable or intracellular compounds. These are the most accessible for extraction and subsequent isolation and characterization. However, recent studies showing the presence of cell wall photoprotective compounds within bryophytes potentially indicates a more effective protective barrier against UV-B radiation. The UV tolerant C. purpureus is one such bryophyte that localizes the majority of its UVAC within its cell walls ( Fig. 2 ; Clarke and Robinson, 2008) . Although reports of photoprotective compounds bound to the cell walls of bryophytes or other plant species is unusual (Semerdjieva et al., 2003; Clarke and Robinson, 2008) this may reflect the lack of studies that have used alkaline digestion to extract these wall bound pigments rather than the absence of UVAC in these locations. Cell wall UVAC would function as a first defense barrier to UV radiation in bryophytes and could prove to be a more effective UV screen than intracellular UV absorbing compounds (Turnbull et al., 2009; Turnbull and Robinson, 2009) . Two intermediates in the phenylpropanoid pathway, ferulic and coumaric acids have been isolated from the cell walls of Mnium hornum (Davidson et al., 1989) . These compounds are acetylated within the cell to form polymers that can then be bound within the cell wall. Fig. 5; Bungard et al., 1999; García-Plazaola et al., 2007) . These conversions are catalyzed by the enzyme violaxanthin de-epoxidase and, in addition to the involvement of lutein or zeaxanthin, qE also requires protonation of the PSII protein subunit
III Dealing with excess light absorbed within the chloroplast
PsbS (an ortholog of this protein is present in mosses Alboresi et al., 2008) . A low pH in the chloroplast lumen also enhances both the interconversion to the photoprotective form (L or Z) and the potential for thermal dissipation, which enables subtle switching of qE activity to correspond with the need for photoprotection (Niyogi, 1999) . Recent work with Arabidopsis mutants suggests that qE acts to prevent photoinhibition by suppressing the formation of ROS, which would otherwise impair the processes that repair damaged PSII (Takahashi and Badger, 2011) .
Sequence analysis of the antenna protein multigene family in P. patens, has shown that some antenna polypeptides, such as Lhcb6, are present only in land plants, suggesting they play a role in adaptation to the sub-aerial environment and more particularly in the formation of NPQ (Alboresi et al., 2008) . In addition to PsbS, P. patens produces isoforms of another protein (LHCSR), which is involved in formation of NPQ in algae (Alboresia et al., 2010; Gerotto et al., 2011) . The presence of these two NPQ related proteins in P. patens suggests that the PsbS-dependent NPQ of plants evolved before the LHCSR based mechanism typical of the algal ancestor was lost. LHCSR was subsequently lost, in vascular plants, presumably as the newly evolved PsbS-dependent mechanism ensured a sufficient level of photoprotection (Alboresia et al., 2010) .
Acclimation of P. patens to either high light or low temperature is accompanied by the ability to produce a strong, fast NPQ response associated with overexpression of both PsbS and Several groups (Heber et al., 2006; Heber et al., 2007; Nabe et al., 2007) have proposed that during slow desiccation another thermal energy dissipation mechanism is activated which requires neither protonation nor Z but acts alongside Z-dependent energy dissipation, providing desiccation occurs in the light. They attribute this to the formation of quenching PSII reaction centers in desiccated poikilohydric autotrophs (Heber et al., 2006) . Such quenching centers might explain similar findings in the Antarctic moss S. antarctici during freezing (Lovelock et al., 1995; Lovelock et al., 1995) . The extent to which this is related to LHCSR proteins remains to be elucidated (Gerotto et al., 2011) .
B Consuming excess energy in the chloroplasts: cyclic electron flow, photorespiration and the Mehler reaction.
Processes that consume energy in the chloroplast effectively prevent the formation of ROS.
Cyclic electron flow around PSI enhances the development of ΔpH across the thylakoid membrane and has been shown to play a role photoprotection via at least two mechanisms (reviewed in Shikanai, 2007; Takahashi and Badger, 2011) .
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